Abstract: This review considers whether exposure to low-level radiofrequency (RF) fields, mostly associated with mobile phone technology, can influence cognitive behaviour of laboratory animals. Studies were nominated for inclusion using an a priori defined protocol with preselected criteria, and studies were excluded from analysis if they did not include sufficient details about the exposure, dosimetry or experimental protocol, or if they lacked a sham-exposed group. Overall, 62 studies were identified that have investigated the effects of RF fields on spatial memory and place learning and have been published since 1993. Of these, 17 studies were excluded, 20 studies reported no significant field-related effects, 21 studies reported significant impairments or deficits, and four studies reported beneficial consequences. The data do not suggest whether these outcomes are related to specific differences in exposure or testing conditions, or simply represent chance. However, some studies have suggested possible molecular mechanisms for the observed effects, but none of these has been substantiated through independent replication. Further behavioural studies could prove useful to resolve this situation, and it is suggested that these studies should use a consistent animal model with standardized exposure and testing protocols, and with detailed dosimetry provided by heterogeneous, anatomically-realistic animal models.
Introduction
Whether low-level exposure to radiofrequency (RF) fields could be a significant risk to public health has not been completely resolved, despite extensive epidemiological and experimental research, especially over the last 20 years. While it has been established that intense exposures can cause substantial heating of the whole body or parts of it, effects in the absence of heating remain highly controversial, and concerns continue to be expressed that exposures at environmental levels may increase the risk of some types of brain cancers, decrease male fertility or impair cognitive function [1] . Other illnesses and subjective complaints have also been attributed to exposure to RF fields.
One of the more persistent features of the scientific debate surrounding the biological effects of RF fields has centred around the possibility that exposure may cause changes in cognitive behaviour of animals in the laboratory. More recently, suggestions have been made that exposure may also have a detrimental effect on animal behaviour in naturalistic settings. After reviewing the evidence available at the time, the World Health Organization (WHO) concluded that exposure at thermal levels
Results
In total, 62 publications were identified as studying the effects of RF fields on place learning and spatial memory in laboratory animals. Of these, 17 papers were excluded from further consideration because they did not comply with the inclusion criteria. These studies are listed in the Appendix A with the reason for their exclusion. The remaining 45 papers were selected for full evaluation.
Twenty papers reported at least one behavioural change that was detrimental to the performance of the task examined (Table 1) . This number includes two papers from the same research group that reported identical results (and these have been treated as one study) and another three studies which also reported a significant increase in brain or body core temperature. Changed endpoints included, but were not limited to, an increased latency to locate the platform position in a Morris water maze task, less time spent in the platform quadrant during the probe trial, or an increase in the number of errors made while foraging for food in a radial arm maze. Pre-treatment with physostigmine or naltrexone: no difference exposed/sham. Pre-treatment with naloxone: no effect
Behaviour assessed after each daily exposure. SAR measured according to Chou et al. [7] Lai et al. [8] MWM SD rat (n = 11, 12) 2-3 months 250-300 g 2450 MHz pulsed; 2 µs pulses at 500 pps 60 min × 2/day, 3 days WBA SAR 1.2 W/kg Restrained Increased escape times, no effect on speed; less time in correct quadrant during probe trial Differences in probe trial not significant using ANOVA, but significant using Newman-Keuls post-hoc analysis. SAR measured according to Chou et al. [7] Wang and Lai [9] MWM SD rat (n = 8) "Restrained" means that the animals were held immobile during exposure, and "free" means that the animals were free to move during exposure. The age and/or weight of the animals is given at the start of exposure.
Four studies reported field-dependent changes that may be considered beneficial or advantageous to the animal (Table 2) . Of these, two papers from the same laboratory both reported that spontaneous alteration in a Y maze was increased following exposure of transgenic and non-transgenic mice. Another study reported that exposure reversed cognitive deficits in a transgenic mouse model of Alzheimer's disease. The final paper found that exposure improved learning of the position of the escape platform in a water maze by young rats, and also improved their memory for the position of the escape platform during the probe trial. Finally, 20 papers reported that exposure no had significant effects on place learning and spatial memory. These studies used mazes and arenas to assess behaviour in either rats or mice of various ages, and one study used the European robin to investigate magnetic orientation responses (Table 3 ). A few of these studies, however, reported sporadic changes in other behaviours, but no consistent changes were seen. In order to examine whether changes in behaviour are more likely to occur under some experimental conditions than others, the effect outcomes for the studies reported in the tables have been plotted as a function of intensity of exposure (SAR) against exposure frequency (Figure 1 ). The outcomes have again been grouped into three categories irrespective of behavioural task or animal species: negative effects, which had a detrimental impact on some aspect of task performance; positive effects, which resulted in a beneficial change on behaviour; and studies reporting an absence of effects, where any changes in behaviour or task performance were not statistically significant. No obvious patterns emerge from this analysis, except exposure at 2856 MHz seems to have more negative effects at higher SAR levels (above roughly 3 W/kg) and studies reporting no effects are not limited to the lowest SARs, but no account is made here for exposure duration or pattern. Figure 1 also provides an insight into the extent to which certain frequencies have received attention, and the range of SARs that have been used. [56] See Table 1 for abbreviations plus: Asp: aspartic acid; GABA: γ-aminobutyric acid; GFAP: Glial fibrillary acidic protein.
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In order to examine whether changes in behaviour are more likely to occur under some experimental conditions than others, the effect outcomes for the studies reported in the tables have been plotted as a function of intensity of exposure (SAR) against exposure frequency (Figure 1 ). The outcomes have again been grouped into three categories irrespective of behavioural task or animal species: negative effects, which had a detrimental impact on some aspect of task performance; positive effects, which resulted in a beneficial change on behaviour; and studies reporting an absence of effects, where any changes in behaviour or task performance were not statistically significant. No obvious patterns emerge from this analysis, except exposure at 2856 MHz seems to have more negative effects at higher SAR levels (above roughly 3 W/kg) and studies reporting no effects are not limited to the lowest SARs, but no account is made here for exposure duration or pattern. Figure 1 also provides an insight into the extent to which certain frequencies have received attention, and the range of SARs that have been used. 
Narrative Review of Studies
In order to consider the outcomes of the studies from another perspective, the studies described in this narrative are not presented by outcome or by RF frequency used, but are described according to the specific behavioural task employed (i.e., the radial arm maze, Morris water maze, simple maze), and the species used (rat, mouse). The narrative has been arranged by increasing intensity of exposure (preferably using whole-body average SAR) to highlight any thresholds for effects. In this narrative, studies exposing animals during gestation or early postnatal life are considered separately from those exposing juvenile or adult animals because of the possibility that the developing nervous system or other organs are more sensitive to insult by RF fields than more mature forms. In addition, studies using transgenic animal models of Alzheimer's disease to explore possible therapies, and a study which investigated effects on magnetic orientation in a migratory bird are also considered on their own.
Radial Arm Maze Studies: Exposure of Juvenile or Adult Rats
Using a circular waveguide system, Lu et al. [14] exposed rats to pulsed 2450 MHz fields for 3 h per day for 30 days at a whole-body average SAR of 0.2 W/kg, and then tested their performance in a radial arm maze over 10 days. Exposure increased the number of errors made in the maze with significant differences seen on 4 of the last 6 days of training (p < 0.05). However, these deficits were significantly attenuated by pre-treatment with glucose.
Lai et al. [8] exposed rats to a pulsed 2450 MHz field (2 µs at 500 pps) for 45 min per day on 10 consecutive days at a whole-body SAR of 0.6 W/kg. The SAR measured at eight locations in the brain ranged from 0.5 to 2.0 W/kg. It was found that exposed animals consistently made more errors in the radial arm maze than sham-exposed controls (p < 0.005). The study has been criticized [42] because differences in performance were evident between the groups on the first day of testing, suggesting possible differences in anxiety or motivation. However, it is possible that there was a very early response since the tests were performed after exposure. When the animals were pre-treated with the cholinergic agonist physostigmine or the opioid antagonist naltrexone, no field-dependent differences in behaviour were reported. Pre-treatment with another opioid antagonist, naloxone, resulted in similar differences between groups (p < 0.005).
Although exposure had no effect on colonic temperature of the animals, it is possible that the animals could have perceived the field, via the microwave hearing phenomenon. It has been shown that for the waveguide used, the threshold for auditory responses in the rat corresponds to an energy density per pulse of 1.5-3 µJ/cm 2 for pulses <30 µs, corresponding to a peak power density of 0.75-1.5 W/cm 2 [7] . The peak power density here would have been 1 W/cm 2 suggesting that a hearing effect was possible.
Two independent groups (Cobb et al. [41] , Cassel et al. [42] ) failed to replicate the results of Lai et al. [8] . Both of these groups used similar numbers of animals and experimental procedures to those used by Lai and colleagues, including having restricted access to distal spatial cues normally used to perform the task. Cobb et al. [41] also pre-treated the animals with physostigmine, naltrexone or naloxone. No field-dependent effects of exposure were observed in either study.
Lai [57] proposed that residual methodological differences might support the differences in outcomes between studies. Differences included the number of choices the animals could make in the maze, with Lai limiting the number of choices to 12, whereas Cobb allowed unlimited choices (both within a 10 min trial duration). Having an increased number of choices would allow for increased learning. However, the data does not indicate that the animals used by Cobb showed over-learning, and so were unlikely to have been more resistant to any field-induced interference in learning. Additionally, the rates at which the animals in both studies reduced errors in the task were very similar, suggesting equivalent rates of learning.
Cassel and colleagues reported that exposure of rats at either 0.6 [42] or 2 W/kg [43] had no significant effect on performance in a radial arm maze. The maze used in these studies had small, transparent side walls, and so provided access to distal visual cues, but using a maze with high opaque walls (as used by Lai et al. [8] ) did not affect the result [44] . It was suggested that increases in stress or anxiety in the exposed animals may have contributed to the behavioural changes originally reported by Lai et al. [8] . However, it was found that exposure had no significant effects on anxiety as measured in an elevated plus maze [45] . Animals were tested using low or high ambient light to reveal anxiogenic or anxiolytic responses respectively.
Dubreuil et al. [38] investigated the effects of head-only exposure to Global System for Mobile communication (GSM)-type pulsed 900 MHz fields. The heads of animals were exposed for 45 min immediately before behavioural testing. The animals were either foraging for food in a radial arm maze (over 10 days) or performed a food-rewarded navigation task in an open field arena, equivalent to a dry-land version of the Morris water maze (over 14 days). Different groups of animals were used for the two tasks. No significant effects on either task were seen using average SARs in the brain of either 1 or 3.5 W/kg.
Dubreuil et al. [39] investigated whether using two more-complex versions of the radial arm maze task might reveal effects of head-only exposure. In the first version of the task (lasting 12 days) a 10 s confinement period was introduced between arm choices; while the other version (lasting 16 days) also used a 15 min delay after four correct responses had been made on the last 7 days of testing.; animals were returned to their home cages during the delay. No field-dependent effects were seen in either version of the task.
Bouji et al. [53] compared the effects of repeated exposure to RF fields on behaviour in adult and older male rats. Animals were given head-only exposure to 900 MHz at a local SAR in the brain of 6 W/kg for 45 min per day, 5 days per week for 4 weeks. Spatial memory was assessed using a 4/8 version of the standard radial arm maze task during this period. The older rats showed impairments in learning (and in other behaviours) compared to the adult rats, but no field-dependent effects were seen in either adult or older rats. Exposure also had no significant effect on open field behaviour or fear conditioning in either age group. However, a field-induced decrease in anxiety-related behaviour was observed with an elevated plus maze that was independent of age. In addition, no effect of exposure was found on IL-1β, IL-6 or GFAP levels in the brain in either age group. The authors concluded that the older brain did not show increased vulnerability to RF fields.
Ammari et al. [46] explored the effects of long-term exposure to 900 MHz GSM signals on maze performance. The heads of the animals were exposed for 45 min per day at an average SAR in the brain of 1.5 W/kg, or for 15 min per day at an SAR of 6 W/kg, 5 days per week, for 8 or 24 weeks before testing. No significant field-dependent effects were seen with either protocol. The lack of daily handling of the animals in the cage control group was considered responsible for their poorer performance.
Klose et al. [50] reported that long-term, repeated, head-only exposure of female rats to GSM signals had no effect on spatial learning at any age. Animals from 14 days old to 19 months of age were exposed 2 h a day, 5 days a week to pulsed 900 MHz at an average SAR in the brain of 0.7, 2.5 or 10 W/kg. The behaviour of animals was examined using a Morris water maze and a radial arm maze as juveniles, adults and pre-senile. No effects were observed at any age.
In summary, 10 studies have investigated the effects of RF fields on the performance of a radial arm maze task by juvenile or adult rats. Two studies reported field-dependent changes in behaviour, and eight studies reported no significant effects. Whole-body SARs ranged from 0.2 to 10 W/kg and frequencies used were 900 or 2450 MHz. No effects threshold can be identified.
Radial Arm Maze Studies: Exposure of Juvenile or Adult Mice
Shahin et al. [30] exposed 12-week-old mice to a 2.45 GHz continuous wave (CW) field for 2 h per day for 15, 30 or 60 days at an average whole-body SAR of 0.0146 W/kg. Beginning 15 days before the end of each exposure period, animals were trained to perform a food-reinforced task in a radial arm maze. It was found that animals made more working and reference memory errors in the maze with increasing exposure time. Animals also spent less time in the four previously-baited arms of the maze during a probe trial, with increasingly longer exposure periods having larger effects. Additional biochemical and molecular studies identified the classical hippocampal memory formation pathway as involved in these changes.
Sienkiewicz et al. [37] used a similar protocol to that used by Lai et al. [8] with rats to investigate the effects of exposure on spatial learning in mice. Animals were exposed for 45 min a day for 10 days to a pulsed 900 MHz field at an SAR of 0.05 W/kg. No significant field-dependent differences in behaviour in a radial arm maze task were observed. Animals were tested in the maze immediately after exposure or after delays of 15 or 30 minutes. In animals tested without delay (irrespective of their exposure status) there was a slightly larger variability in the time to complete the task, possibly due to some mild stress associated with the exposure situation.
In summary, two studies have investigated the effects of RF fields on the performance of a radial arm maze task by juvenile or adult mice. One study reported field-dependent changes in behaviour, and one study reported no significant effects. Whole-body SARs were 0.0146 or 0.05 W/kg and frequencies used were 900 or 2450 MHz.
Morris Water Maze Studies: Exposure of Juvenile or Adult Rats
Deshmukh et al. [15] exposed male rats to 900 MHz for 2 h per day, 5 days per week for 30 weeks at a whole-body SAR of 0.085 mW/kg using a GTEM cell. Spatial memory integrity was then assessed with a Morris water maze. It was found that exposure resulted in significant deficits in performance of the task with animals taking significantly longer to enter the target zone in the probe trial, and the animals spent significantly less time in that zone. These differences were attributed to field-induced increases in lipid peroxidation (evidenced as increases in serum malondialdehyde concentrations) and in protein oxidation (measured as serum carbonyl content); however, glutathionine content in blood was unaffected.
Deshmukh et al. [24] reported that low-level exposure to three different frequencies associated with mobile communications caused comparable deficits in spatial memory in rats. Male rats were exposed to 900, 1800 or 2450 MHz fields for 2 h per day, 5 days per week for 180 days at a whole-body SAR of approximately 0.6 mW/kg. At the end of the exposure period spatial memory function of all rats was tested in a Morris water maze and the brains were removed for determination of heat-shock protein (HSP) levels and DNA damage in the hippocampus. It was reported that all exposed animals exhibited deficits in spatial memory, with deficits increasing with increasing frequency, but differences between frequencies were not tested, only between each type of exposure and sham exposure. The same pattern of response was seen with an increase in HSP levels in the exposed groups: a significant difference from the sham-controls and an increasing trend with increasing frequency, but again these differences were not tested. DNA damage, assessed with the comet assay, was increased in all exposed groups, with more damage in the 1800 and 2450 MHz groups compared to that of the 900 MHz group. Improbably, identical results for all measurements were also published by Deshmuhk and colleagues following exposure of rats for 90 days [23] . This would appear to be highly probable, if not impossible, undermining the credibility of this research. However, to be as inclusive as possible, these papers are counted as one study in the present analysis.
Tang et al. [25] exposed male rats to 900 MHz fields for 3 h per day for 14 or 28 days. The SAR in the brain was 2 W/kg and the whole-body SAR was 0.016 W/kg. Spatial learning and memory were tested using a Morris water maze at the end of exposure. No behavioural effects were seen in the group exposed for 14 days, but spatial memory was impaired in the group exposed for 28 days. Signs of ultrastructural damage in the cortex and hippocampus were also reported. These effects were attributed to activation of the mkp-1/ERK pathway as significant up-regulation of mkp-1 and P-ERK/ERK proteins were observed at 28 days.
Lu et al. [14] exposed rats to pulsed 2450 MHz fields for 3 h per day for 30 days at a whole-body average SAR of 0.2 W/kg, and then tested their performance in a Morris water maze. Compared to sham-exposed or cage control animals, exposure increased latency to locate the hidden platform in the acquisition trials in the water maze and decreased the time spent in the target quadrant in the probe trial (p < 0.05 in both cases). These deficits were significantly attenuated (compared to exposed animals given saline injections) when exposed animals were given glucose injections 30 min prior to each daily trial. (This study also used a radial arm maze task, and this has been described above).
Li et al. [11] exposed rats to pulsed 2450 MHz at 0.2 W/kg for 3 h per day for 30 days either with and without treatment using the glucocorticoid receptor antagonist RU468. The SAR of the brain was reported as 0.7 W/kg, but it is difficult to consider this as accurate, since the animals could move freely. Testing in a Morris water maze started 24 h after the last exposure. The escape latencies were increased on days 4-6 in the animals exposed to the field (p < 0.01), while in the group also treated with RU468, the escape latencies were increased on the 6th day only (p < 0.01, after correcting for multiple testing). In the probe trial, impairments in memory shown by the field-only exposed animals (p < 0.01), were partially restored by treatment with RU468.
Wang and Lai [9] exposed rats to pulsed 2450 MHz at 1.2 W/kg for 1 h. Animals were exposed twice a day for 3 days, and performance in the maze was tested immediately after exposure It was reported that exposed animals took longer to find the platform than the sham-exposed and cage-control animals (p < 0.05), and spent more time trying to climb the side walls of the maze than control animals. In the probe trial the exposed animals spent less time in the platform quadrant (p < 0.05). It was concluded that exposure had impaired spatial reference memory and these animals had to use less efficient learning strategies. Such a conclusion may be questionable since statistical analysis of the probe trial data by one-way analysis of variance (ANOVA) revealed no significant treatment effect, although post-hoc analysis showed a statistical difference between the treatment groups.
The effects of simultaneous exposure to a RF EMF and a temporarily incoherent magnetic field were investigated by Lai [10] . Rats were exposed for 1 h to a continuous wave 2450 MHz field at 1.2 W/kg using a cylindrical waveguide system inside a set of Helmholtz coils. These coils were used to generate a 'magnetic noise' that consisted of a complex low frequency magnetic signal at a flux density of 6 µT. It was found that the time taken to locate the escape platform was significantly increased after exposure to the RF field (p < 0.001). This increase in escape time was reduced, following simultaneous exposure to the RF field and magnetic noise, but remained significant (p < 0.016). There was no effect of the magnetic noise alone. Exposure to the RF field alone resulted in the animals spending significantly less time during the probe trial in the platform quadrant (p < 0.05).
Kumlin et al. [31] exposed groups of juvenile rats to 900 MHz GSM signals for 2 h/day, 5 days/week for 5 weeks at a whole-body SAR of 0.3 or 3 W/kg. It was found that exposure at both SAR values significantly improved the learning of the location of the escape platform (compared to sham-exposed controls) and the group exposed at the higher SAR also showed improved memory in the probe trial. These cognitive changes were not reflected in other behavioural tests and no significant effects were observed in an open field, elevated plus maze or acoustic startle response test.
Tan et al. [27] compared the effects of single, acute exposure to two different frequencies on performance of rats in a Morris water maze task. Rats were exposed to either 1500 or 2856 MHz for 6 min or exposed to both frequencies for 6 min each at a whole-body SAR of 1.8 or 1.7 W/kg or at 3.7 or 3.3 W/kg. Escape times in the maze were measured on days 1, 2, 7, 14 and 28 after exposure. It was found that exposure increased escape latency in the task only at the higher SAR, irrespective of frequency on all days. Changes were also reported in the EEG and in the morphology of the hippocampus of animals exposed at the higher SAR.
Wang et al. [28] trained male rats to locate a hidden platform in a Morris water maze over 3 days. Animals were then exposed to a pulsed 2856 MHz field at an average SAR in the brain of 1.7, 3.5 or 7.5 W/kg for 6 min per day, 5 days per week for 6 weeks. Additional water maze trials with a platform present were given from 6 h to 12 months after exposure finished, and a probe trial was conducted 3 days after exposure. It was found that only exposure at 7.5 W/kg caused deficits in learning and memory: the escape latencies of these animals were significantly increased 7 days after exposure and at 1, 3 and 9 months after exposure, and the animals spent less time in the target quadrant and made fewer crossings of the platform location in the probe trial. Swimming speed and body temperature of the animals were not affected by any exposure. Changes in the EEG, NMDA receptor subunits and hippocampal ultrastructure were also found following exposure at 7.5 W/kg.
Li et al. [21] investigated the effects of repeated exposure to pulsed 2856 MHz microwaves on maze behaviour. Young male rats were exposed beginning at 4 weeks of age for 6 min three times a week for 6 weeks at average power densities from 5 to 30 mW/cm 2 (corresponding to whole-body average SARs of about 1.5 to 9 W/kg). An increased escape latency was found after exposures at 5 mW/cm 2 at 14 days, after 10 mW/cm 2 at 4, 14 and 28 days, and after 20 and 30 mW/cm 2 at 3, 4, 14 and 28 days (p < 0.05). All exposure groups spent significantly less time in the target quadrant in a probe trial conducted 5 days after exposure (p < 0.05, in all cases). Exposure had no effects on swimming speed at any time.
In a series of studies from the same group, it has been reported that single exposure for only a few minutes to high-power pulsed 2856 MHz microwaves can cause lasting changes in maze behaviour and hippocampal function in male rats. Wang et al. [16] reported that exposure for 6 min at average SARs in the brain of 35 W/kg (causing a peak rise in brain temperature of 1.2 • C and of 0.6 • C in the body of anesthetized animals) significantly increased the time to locate the platform in the Morris water maze up to 24 h after exposure; exposure at 7 W/kg only had a significant effect after 6 h, and exposure at 3.5 W/kg had no effect. Exposures at 7 and 35 W/kg caused a significantly decreased memory for the location of the platform during the probe trial conducted 72 h after exposure. Qiao et al. [17] reported changes in Morris water maze behaviour at 1, 2, 3 and 7 days after 5 min pulsed 2856 MHz exposure (p < 0.01-0.05) at a whole-body SAR of 14 W/kg (causing a 0.3 • C rise in body temperature measured before and after exposure). Exposed animals took longer to locate the platform in acquisition trials in the maze. No differences between exposed and sham-exposed groups were observed at 4 and 14 days after exposure. Wang et al. [20] reported that similar changes in maze behaviour persisted for 18 months after the same type of exposure for 6 min at a whole-body SAR of 15 W/kg, local SAR in the brain of 35 W/kg.
In summary, 14 studies have investigated the effects of RF fields on the performance of a water maze task by juvenile or adult rats. Thirteen studies reported a field-dependent deficit in behaviour (with two of these studies suggesting effect thresholds of around 3 W/kg and another suggesting effects only with prolonged exposure durations) and one study reported an improvement in learning. Whole-body SARs ranged from 0.085 mW/kg to 35 W/kg and frequencies used were 900, 1800, 2450 or 2856 MHz.
Morris Water Maze Studies: Early Life Exposures of Rats
Cobb et al. [35] exposed pregnant rats to ultra-wideband (UWB) pulses (55 kV/m peak, 1.8 ns pulse width, 300 ps rise time, 1000 pulses per second, 0.1-1 GHz, SAR 45 mW/kg). The exposure was 2 min per day during gestation days 3-18 and was continued during 10 postnatal days for some animals. Exposure had no effects on performance of a Morris water maze task by adult male offspring. The medial-to-lateral length of the hippocampus was longer in exposed pups (p = 0.001) but the authors did not consider this change to represent a field-dependent effect. Using lead acetate as a positive control caused significant effects in numerous endpoints.
Daniels et al. [47] exposed neonatal rats for 3 h per day from postnatal day 2 to 14 to an 840 MHz field at a power density of 60 µW/m 2 . No effects of exposure were observed on memory function when the animals were tested at 58 days of age, but an increase in freezing behaviour was observed in males, which was considered indicative of mood disturbance.
Takahashi et al. [48] exposed pregnant rats during gestation and the progeny during lactation to 2140 MHz RF EMF for 20 h per day at two exposure levels. At the higher exposure level, the average SAR was about 0.1 W/kg for the dams, and slightly higher for the foetuses and the progeny. At the lower level, the SARs were about 43% of these. Several variables were measured, including memory function of the first-generation offspring. It was found that exposure had no effect on activity in an open field arena at 5 and 8 weeks of age, or on performance in a Morris water maze at the age of 9 weeks.
Shirai et al. [52] exposed three generations of Sprague Dawley rats to a 2.14 GHz Wideband Code Division Multiple Access (W-CDMA) mobile phone signals. The animals were exposed for 20 h per day at SAR levels of not more than 0.24 W/kg (high), not more than 0.08 W/kg (low) or 0 W/kg (sham). The exposure levels varied over the duration of the study, since the animals were exposed in utero, as pups and as juveniles. Pregnant animals were exposed from gestational day 7 to weaning and then their offspring (both males and females) were continuously exposed until 6 weeks of age. At 11 weeks of age, the offspring were mated, and the procedure repeated. This was again repeated with the third generation. The whole experiment was performed in duplicate. Offspring were tested for developmental indices (at 6-12 days old), in an open field (at 7 weeks old) and in a Morris water maze (at 9 weeks old). No consistent effects of exposure were observed in the water maze or on any of the other developmental endpoints investigated in any of the three successive generations.
As part of a multigenerational teratology study, Shirai et al. [56] investigated effects on cognitive behaviour. Rats were exposed during gestation and early life to a mixture of eight different communication signals, ranging in frequency from 880 MHz to 5.18 GHz. Animals were exposed for 20 h per day from gestational day 7 until 6 weeks of age at a whole-body SAR of approximately 0.08 or 0.4 W/kg. When animals were tested in a Morris water maze at 9 weeks of age, it was found that exposure had no significant effect on acquisition, although memory for the location of the escape platform was slightly but significantly impaired in the males exposed at the higher SAR in one measure (time in target quadrant) but not in another (crossings of platform location). For this reason, this result in the males was discounted by the authors. In other tests on dams and offspring, exposure had only a few sporadic positive effects. Overall, multi-frequency RF field exposure was not considered to have had any adverse effects on pregnant animals or their offspring.
In summary, five studies have investigated the effects of prenatal or early postnatal exposure to RF fields on the performance of a water maze task by adult rats. All studies reported no significant effects. Whole-body SARs ranged from 45 mW/kg to 0.4 W/kg (one study used a power density of 60 µW/m 2 ) and frequencies ranged from 800 to 5180 MHz, plus UWB pulses of 0.1-1 GHz.
Morris Water Maze Studies: Exposure of Juvenile or Adult Mice
Shahin et al. [26] exposed 12-week-old mice to a 2.45 GHz CW field for 2 h per day for 15, 30 or 60 days at an average whole-body SAR of 0.0146 W/kg. The rectal temperature of the animals was not significantly increased by this treatment. Groups of animals were tested in a Morris water maze after exposure, and it was found that all exposed animals showed an impairment in the acquisition of the task, taking significantly longer to locate the hidden platform in the acquisition trials, and the number of animals failing to locate the platform in the allotted time was also significantly increased. Similarly, during the probe trial, all the exposed animals showed impaired retention for the location of the platform by spending significantly less time in the target quadrant, and visiting the previous location of the platform fewer times. Further, the magnitude of these deficits was related to the exposure time and were largest in the animals exposed for 60 days and smallest in the animals exposed for 15 days. Additional trials using a visible platform suggested that these impairments could not be explained by visual or motor deficits. It was also found that exposure affected hippocampal neuronal morphology and caused increased oxidative/nitrosative stress leading to increased apoptosis.
Chaturvedi et al. [13] exposed young adult, male mice to continuous wave 2450 MHz microwaves for 2 h per day for 30 days at a whole-body average SAR of 0.03 W/kg. A Morris water maze task was performed on days 17 to 22 of exposure. It was reported that exposure had no effect on acquisition of the task, since the time to locate the hidden platform was not different between treatment groups, although it is not clear what the data presented represent, since the escape latencies of both groups are around 90 s, yet the maximum latency was defined at 20 s. During the probe trial, the exposed animals spent significantly less time in the target quadrant (p < 0.05) suggesting exposure had impaired the memory of the platform location. However, modest group sizes and the use of what appears to be a non-standard testing protocol make drawing any conclusions doubtful. Behaviour in an activity wheel in the home cage was continuously monitored in these animals (except for 3 h per day to allow exposure) for 12 days prior to exposure, 7 days after exposure started and the last 7 days of exposure. During pre-exposure the phase angle difference between lights-off and the onset of activity was about +1 h for all animals. This did not substantially change after 7 days of exposure but was significantly increased to almost +3 h after 30 days of exposure (p < 0.05) indicating a clear shift in activity towards the light phase. In addition, exposed mice were less active during the dark phase. Overall, long-term exposure seemed to have disrupted the normal activity cycle. Sharma et al. [19] reported that exposure of mice to 10 GHz microwaves at a whole-body SAR of 0.18 W/kg for 2 h a day for 30 days significantly increased the time to locate the escape platform in a Morris water maze task (p < 0.001). Following two habituation trials in the maze, mice were tested twice a day for 6 days in the maze. Both exposed and sham-exposed groups reduced their mean escape times each day, but the exposed group was consistently slower by about 10 s every day. Unfortunately, no final probe trial (without the platform being present) was conducted to assess spatial memory in these animals.
Sharma et al. [29] exposed 2-week-old mice to a 10 GHz field for 2 h per day for 15 days at a whole-body SAR of 0.179 W/kg. Performance in a Morris water maze was investigated approximately 2 weeks after exposure. Significant deficits were reported in learning during acquisition trials and in memory during the probe trial, indicating exposure had a sustained effect on behaviour. Additional studies suggested exposure had also caused significant biochemical and histopathological changes in the brain, as well reducing both body and brain weights immediately after exposure. The authors suggested that these results showed the increased sensitivity of the juvenile brain to insult by RF fields.
Zhang et al. [55] reported that exposure of juvenile mice to 1800 MHz had no effect on spatial learning or memory as assessed in a Morris water maze. Animals were exposed for 6 h each day for 28 days at a whole-body SAR of 2.7 W/kg (2.2 W/kg in the brain). Additional behavioural tests indicated that exposure increased levels of anxiety as measured in an elevated plus maze, and also increased levels of γ-aminobutyric acid (GABA) and aspartic acid (Asp) in the cortex and hippocampus. Depression-like behaviour was not affected.
In summary, five studies have investigated the effects of RF fields on the performance of a water maze task by juvenile or adult mice. Three studies reported field-dependent changes in behaviour, another reported an equivocal effect, and one study (using the highest SAR) reported no significant effects. Whole-body SARs were 0.0146 to 2.7 W/kg and frequencies used were 1800 or 2450 MHz.
Morris Water Maze Studies: Early Life Exposures of Mice
Zhang et al. [22] exposed mice for most of pregnancy (from gestation day 3.5 to day 18) for 12 h per day to a 9.417 GHz field with an intensity of 200 V/m. The authors quote an SAR level of 2 W/kg, but do not indicate how this was determined. The offspring were assessed at 5 weeks of age for cognitive function using a Morris water maze. It was found that male mice showed a significant decrease in task acquisition and showed an impairment in the memory of the location of the escape platform during the probe trial. Female mice did not show these changes, however, suggesting gender-dependent effects on spatial memory. In contrast, other tests indicated that exposure caused higher levels of behavioural anxiety in males and females, as well decreasing depression-like behaviour in both sexes.
T-Maze Studies: Exposure of Juvenile or Adult Rats
Yamaguchi et al. [40] investigated effects on reversal learning in a T-maze following exposure of rats to pulsed 1439 MHz Personal Digital Cellular (PDC) signals. In a 4-day experiment, the animals were exposed for 1 h per day at a whole-body SAR of 1.7 W/kg, or 45 min per day at a whole-body SAR of 5.7 W/kg immediately before testing. In a 4-week experiment, animals were exposed at 1.7 W/kg for 1 h per day for 5 days a week; testing was performed in the 4th week after each exposure. No effects were observed after exposures at the lower SAR level, and these had no effect on body temperature. However, performance was significantly impaired after exposures at the higher SAR level (p < 0.001), and these increased body core temperature by up to 2 • C.
Studies Using Juvenile or Adult Transgenic Animals
Mori and Arendash [32] reported that repeated exposure of Alzheimer's transgenic mice or non-transgenic littermates to 918 MHz GSM signals increased spontaneous alteration in a Y maze. Animals were exposed twice a day for a month at 17-35 V/m and tested in the maze for a single, 5 min trial. Unfortunately, data were not reported by genotype, but by combining both transgenic and non-transgenic animals into a single group, it was found that there was a 26% increase in percentage alternation (p < 0.05) in the exposed mice compared to the sham-exposed mice. This suggests that exposure had increased levels of exploration in the mice, irrespective of their genotype.
In a follow-up study, Arendash et al. [33] reported that in a combined group of transgenic and non-transgenic animals, similar exposures for up to 2 months had no significant effects on performance of spatial memory tasks, although alternation in a Y maze task was again shown to be increased by exposure. Exposure also had no measurable effect on activity, exploration or balance of these animals.
Jeong et al. [34] exposed mice transgenic for the expression of several Alzheimer-related proteins and for a rapid development of amyloid β plaques. Young female transgenic mice and their wildtype (WT) counterparts were exposed to 1950 MHz fields at 5 W/kg for 2 h per day, 5 days per week for 8 months. The maximum increase in rectal temperature was 0.5 • C. Decreases in alternation in a Y maze, and other behavioural changes shown by unexposed transgenic animals were significantly reversed by exposure of the transgenic animals. Histopathological analysis of these brains indicated that the development of amyloid β plaques and other parameters associated with Alzheimer's diseases were also decreased. No such changes were observed in exposed WT mice. The authors speculated that exposure to RF fields might be beneficial against the development of Alzheimer's disease.
Son et al. [54] exposed female 5xFAD transgenic mice to a 1950 MHz field for 2 h per day, 5 days per week for 3 months at a whole-body SAR of 5 W/kg. After the last exposure, several behavioural tests were performed, and the levels of the Alzheimer proteins in the brain and blood were assessed. No effects of exposure were observed on spatial memory functions assessed using a Y maze or a Morris water maze, and exposure was without significant effect on behaviour in an open field or on performance of a novel object recognition task.
In summary, four studies have investigated the effects of RF fields on spatial learning by transgenic animals used as a model for Alzheimer's disease. Three studies reported field-dependent improvements in behaviour in a Y-maze, and two studies reported no effect on the performance of a radial arm maze task. Two studies used an electric field strength of 17-35 V/m and two studies used a whole-body SAR of 5 W/kg. Frequencies used were 918 or 1950 MHz.
Navigation in a Migratory Bird
Seasonal migration across long distances is possibly the most dramatic example of place navigation in animals. It has been known for many years that some birds (and other animals) have a specialized neural apparatus that allows the use of the Earth's magnetic field as a directional cue [58] . Engels et al. [51] reported that exposure to the background electric and magnetic fields in the urban environment affected the orientation behaviour of migratory European robins, Eritacus rubeula. In laboratory tests using conical arenas that were lined with scratch-sensitive paper to record movement, the birds did not orientate as expected towards magnetic north (their normal migratory direction in the spring). However, the robins were able to orientate towards north after grounded aluminium plates had been installed to shield the testing environment (p < 0.001). These plates reduced the magnetic fields in the frequency range of about 50 kHz to 5 MHz by two orders of magnitude (unshielded: 1.8 nT, shielded: 2.56 nT). In addition, the birds changed their orientation when the components of the static magnetic field were rotated or inverted (p = 0.008). In further tests, birds in the shielded condition were disorientated when exposed to specifically-generated broadband fields from 2 kHz to about 5 MHz, with a magnetic field strength of 278 nT. The disorientation response could also be produced using fields of about 20 to 450 kHz (133 nT) and about 0.6 to 3 MHz (34 nT), suggesting the response was not limited to a single or narrow frequency band.
Discussion
Overall, the publications included in the review form a highly heterogenous group, both in terms of experimental parameters and behavioural changes. The most used method in this group was the Morris water maze, which involves animals having to learn the location of a submerged escape platform in a small swimming pool: 66% of the papers examined used this maze. The radial arm maze was also much used, and this requires an animal to learn the location of food rewards placed at the ends of the arms of the maze: 27% of the papers examined used this maze. Both mazes are widely used for examining spatial learning and memory in rodents [59, 60] . The first study in this group of papers used a radial arm maze, and this prompted a number of investigations using this apparatus. However, the use of this maze has substantially declined since then, and more recent studies have mostly used the Morris water maze. Additionally, a few studies have used dry versions of the water maze task using an open field or have used a Y maze. No particular maze or task has provided a consistent response or outcome in these studies, and both impairments and no effects have been reported with the water maze and radial arm maze.
In addition, the studies reporting a significant effect of exposure used a range of frequencies that included 900, 1800 and 2450 MHz, with both continuous wave and pulsed fields; whole-body SARs ranged from as little as a 0.1 mW/kg to more than 10 W/kg, and exposure schedules were highly variable in terms of hours per day of exposure and number of days of exposure. Most studies restrained their animals to prevent movement during exposure (to ensure better dosimetric control), but animals were free to move in some studies.
The studies which reported an absence of effects also form a very heterogenous database, in terms of frequency, SAR, and exposure schedule used. Frequencies used again included 900, 1800 and 2450 MHz, with whole-body SARs ranging from less than 0.1 to over 10 W/kg. Animals were also exposed from a few minutes a day to several hours a day over several days or weeks. As with the studies reporting effects, the majority of studies that reported an absence of effects restrained their animals during exposure, but animals were freely-moving in other studies.
Due to the heterogeneity in experimental protocols used in these studies, a comparison between the studies summarized in Tables 1-3, Figure 1 and described in the narrative does not suggest simple explanations for the differences in outcomes in terms of behaviour examined, frequency or signal used, or the amount energy absorbed by the animals. Additionally, within the limitations of the existing database, neither the sex, age or weight of the animals appear to be a crucial factor in determining the outcome. However, it is noteworthy that several groups who attempted to confirm the results of the first study to report field-induced deficits in radial arm maze performance of rats were not successful in replicating the reported effects in either rats or mice. Some of these studies aimed to use an identical protocol to that used in the original study, while others tried to improve on some aspect of that protocol. In none of these studies, however, was there any suggestion of a field-induced deficit.
Conclusions
This review was undertaken to help to answer the question of whether exposure to RF fields was able to consistently and reliably affect cognitive behaviour of animals. A total of 45 papers published since 1993 were identified that had investigated spatial learning and memory in laboratory tests and met certain predefined quality criteria for inclusion.
However, after reviewing the evidence and comparing the studies, it is not yet possible to give an unequivocal answer to that question. Using a weight-of-evidence approach indicates that there have been the same number of studies published since 1993 that have reported an adverse effect on spatial learning and memory (20 papers, treating two papers reporting identical results as one study) as have not reported an effect (20 papers), while a far smaller number of studies (four papers) have reported an improvement in performance, mostly offsetting age-related decrements in performance. Some studies have suggested possible molecular mechanisms for the observed effects, but none of these possibilities has yet been substantiated through independent replication.
Assuming that all the studies were conducted with equal diligence and precision, and all results are reported honestly and impartially, and it is not obvious why similar studies should have sometimes reported conflicting and opposing outcomes. If these differences are not simply due to chance, it must be assumed that these outcomes are somehow related to the use of differing experimental or exposure parameters, but it is not possible to identify those parameter(s) with any degree of certainty. The ambiguity in outcome may relate to subtle differences in the genetic background or health status of the animals, how the animals were housed and maintained, or related to how the behavioural tasks were performed, but equally possible are inadequacies or other problems in some of the studies which have not yet been identified.
Overall, this ambiguity does not provide strong support to the hypothesis that low-level RF fields can impair cognitive behaviour in laboratory animals, but neither does it provide unequivocal evidence for an absence of effects. Since a few studies reported behavioural changes that appear beneficial to the animals, it is also possible that exposure under some circumstances may improve cognitive ability and task performance. However, what these conditions might be are far less well defined due to the paucity of data.
It is therefore suggested that additional basic research is required. To avoid exacerbating the present situation which has a plethora of models and protocols, it is suggested that this behavioural work should use a single animal model with standardized exposure and testing protocols to ensure increased consistency between studies. Without trying to be prohibitive or too restrictive, it is suggested that
•
Possible confounding resulting from immobilization stress caused by restraining the animals during exposure should be avoided, so exposure systems, like reverberation chambers which can produce well-controlled and repeatable SARs without the need for restraint, are recommended.
• A single whole-body SAR value should also be avoided, and experiments should use a range of whole-body SARs from 0 to 5 W/kg or more (depending on species) to provide some indication of the dose-response relationship. If possible, an appropriate positive control group should also be included. However, exposures causing overt heating of the animal, where body core temperatures are raised by 1 • C or more should be avoided in order to prevent any confounding from thermal effects.
Of particular importance with studies using RF fields is the necessity for detailed computational dosimetry in heterogeneous, anatomically realistic animal models to determine both the average absorbed energy for the whole animal, and the spatial distribution of the absorbed energies at the organ and tissue level. Unfortunately, not all recent papers (see studies listed in Appendix A) provide sufficient information to allow a reasonable estimate of the SAR to be made.
• Given the ubiquity of the Morris water maze in many laboratories investigating neurobehavioral toxicology and teratology, the use of this maze for these studies seems most appropriate. The task is suitable for animals of all ages, including weaning mice [61] and is amenable to using the many commercial systems that allow automatic recording and analysis of the animals' behaviour in the maze, so helping to eliminate a potential source of subjective error. The data in the computer files can also be readily re-analysed if necessary.
The numbers of animals used in many experiments are modest, with group sizes of around 6-12, so larger numbers of animals (of around 12-18 animals) should be used to give improved confidence in the results obtained. Samples of brain tissues from experimental animals should be taken and stored after any experiment to produce a bank of material that could be shared among research groups and examined for molecular or cellular changes.
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Appendix A
This lists the studies that were identified in the data search but did not meet the exposure or dosimetry criteria for inclusion in the review. As described in the main text, a study had to include two exposure levels, including sham exposure; the exposure levels had to be sufficiently controlled and documented, with a relevant exposure metric and a method for determining this quantity; and the exposures should not have given in a fixed order (Table A1) . 
